Listeria monocytogenes is responsible for serious invasive illness associated with consumption of contaminated food and places a significant burden on public health and the agricultural economy. We recently developed a multilocus genotyping (MLGT) assay for high-throughput subtype determination of L. monocytogenes lineage I isolates based on interrogation of single nucleotide polymorphisms (SNPs) via multiplexed primer extension reactions. Here we report the development and validation of two additional MLGT assays that address the need for comprehensive DNA sequence-based subtyping of L. monocytogenes. The first of these novel MLGT assays targeted variation segregating within lineage II, while the second assay combined probes for lineage III strains with probes for strains representing a recently characterized fourth evolutionary lineage (IV) of L. monocytogenes. These assays were based on nucleotide variation identified in >3.8 Mb of comparative DNA sequence and consisted of 115 total probes that differentiated 93% of the 100 haplotypes defined by the multilocus sequence data. MLGT reproducibly typed the 173 isolates used in SNP discovery, and the 10,448 genotypes derived from MLGT analysis of these isolates were consistent with DNA sequence data. Application of the MLGT assays to assess subtype prevalence among isolates from ready-to-eat foods and food-processing facilities indicated a low frequency (6.3%) of epidemic clone subtypes and a substantial population of isolates (>30%) harboring mutations in inlA associated with attenuated virulence in cell culture and animal models. These mutations were restricted to serogroup 1/2 isolates, which may explain the overrepresentation of serotype 4b isolates in human listeriosis cases.
Listeria monocytogenes is the causative agent of listeriosis, a food-borne disease with clinical presentations that include febrile gastroenteritis, encephalitis, meningitis, septicemia, and spontaneous abortion (7) . Listeriosis infections are associated with high hospitalization (92%) and mortality (20 to 30%) rates and account for over one-quarter of all deaths attributable to known food-borne pathogens (12, 24) . L. monocytogenes is widely distributed in the environment, forms biofilms, grows at refrigeration temperatures, and is relatively resistant to acid and high salt concentrations (23, 48) . These characteristics enable L. monocytogenes to persist for extended periods in food-processing environments and make L. monocytogenes contamination of ready-to-eat (RTE) foods a significant concern. Accordingly, regulatory agencies have applied a zero tolerance policy for L. monocytogenes contamination in RTE foods, and L. monocytogenes has been a leading cause of food recalls due to microbial adulteration.
Molecular subtyping is a critical component of L. monocytogenes outbreak detection and epidemiological investigations, which are complicated by the long incubation time for invasive listeriosis and the difficulty in identifying appropriate controls for case-control studies (44) . Pulsed-field gel electrophoresis (PFGE) is the current gold standard for subtyping most foodborne bacterial pathogens and has been used successfully to subtype L. monocytogenes isolates as part of the PulseNet system (11, 43) . However, PFGE is labor-intensive, results in complex patterns which are not always easy to interpret, is unable to target specific polymorphisms, and does not always discriminate between related but distinct strains (4, 5, 11) . In addition, PFGE patterns may be affected by unstable genetic elements that could interfere with outbreak detection and long-term epidemiological tracking. As a result, there has been significant interest in the development of DNA sequencebased subtyping assays for food-borne pathogens (5, 11, 16, 37, 42, 43, 50) . Toward that end, we recently described a singlewell DNA sequence-based subtyping method utilizing multilocus genotyping (MLGT) of single-nucleotide polymorphisms (SNPs) segregating within L. monocytogenes lineage I that provides high discriminatory power and good epidemiological concordance (5) . While we previously focused on subtyping lineage I isolates because of their association with epidemic listeriosis, four major evolutionary lineages have been described for L. monocytogenes (22, 33, 36, 38, 46, 47) . L. monocytogenes isolates from lineage II are common contaminants of RTE and other food products (13, 46) , contribute significantly to sporadic listeriosis in humans (18) , and include a previously described epidemic for the lineage I assay (5) . The first of these novel MLGT assays specifically targeted SNP variation segregating within lineage II, while we combined probes for lineages III and IV in a single MLGT assay. In order to provide for simultaneous interrogation of strain-discriminating polymorphisms identified in the comparative sequence analysis, multiple genomic regions were coamplified via an assay-specific multiplex PCR, which utilized seven sets of amplification primers for the lineage II assay and five sets of amplification primers for the lineage III and IV assay (Table 4) . Multiplex amplifications were performed in 50-l reaction mixtures and included 2 mM MgSO 4 , 100 M deoxynucleoside triphosphate, 300 nM primer, 1.5 U Platinum Taq DNA polymerase High Fidelity (Invitrogen Life Technologies), and 100 ng of genomic DNA. PCR consisted of an initial denaturation of 90 s at 96°C, followed by 40 cycles of 30 s at 94°C, 45 s at 50°C, and 150 s at 68°C. Amplification products were purified using Montage PCR cleanup filter plates (Millipore) and served as templates for allele-specific primer extension (ASPE) reactions.
We performed ASPE in multiplex reactions containing 64 (lineage II assay) or 51 (lineage III and IV assay) probes (Table 5 ). ASPE probes were designed with unique 5Ј sequence tags corresponding to individual sets of Luminex xMAP fluorescent polystyrene microspheres (Luminex Corporation). These probes served as allele-specific primers in extension reactions producing single-stranded DNA extension products from template DNA containing the probe sequence. Extensions were performed in 20-l reaction mixtures and included 2 mM MgCl 2 , 5 M biotin-dCTP, 5 M dATP/dGTP/dTTP, 25 nM primer, 0.75 U Platinum GenoTYPE Tsp DNA polymerase (Invitrogen Life Technologies). Five l of purified multiplex PCR amplicon was added as template for extension reactions performed with an initial denaturation of 120 s at 96°C, followed by 40 cycles of 30 s at 94°C, 60 s at 52°C, and 120 s at 74°C.
Biotinylated extension products from ASPE reactions were sorted via hybridization with fluorescent microspheres. Microspheres were coated with anti-tag sequences specific to the 5Ј sequence tags appended to the extension probes. Hybridization reactions were performed in 50-l volumes with 1ϫ TM buffer (0.2 M NaCl, 0.1 M Tris, 0.08% Triton X-100; pH 8.0), 10 l of extension product, and 625 microspheres from each set. The samples were incubated for 90 s at 96°C, followed by 45 min at 37°C. Microspheres were twice pelleted by centrifugation (3 min at 3,700 ϫ g) and resuspended in 70 l 1ϫ TM buffer. Following these washes, microspheres were pelleted and resuspended in 70 l 1ϫ TM buffer containing 2 g/ml streptavidin R-phycoerythrin. Samples were incubated for 15 min at 37°C prior to detecting the microsphere complexes with a Luminex 100 flow cytometer (Luminex Corporation).
The median fluorescence intensity (MFI) from biotinylated extension products attached to 100 polystyrene microspheres was adjusted to account for background fluorescence by subtracting the average MFI of three template-free controls from the MFI for each probe. Probe performance was assessed via the index of discrimination, defined as the ratio of the lowest target MFI to the highest nontarget MFI obtained in two independent runs of the sequenced isolate panels. Probes with a ratio less than 2.0 were redesigned. Critical values for discriminating between positive and negative alleles were set halfway between the lowest target MFI and the highest nontarget MFI observed among the sequenced isolates. In addition, positive control probes were designed to confirm the presence of each of the amplicons in the multiplex PCR. Minimum thresholds for positive control probes were set at 75% of the lowest MFI observed in the MLGT analysis of sequenced isolates.
Comparative subtyping. The discriminatory power of MLGT was compared with PFGE and two recently described multilocus sequence typing methods (37, 50) using a panel of 20 human sporadic listeriosis isolates provided by L. Graves (Centers for Disease Control and Prevention [CDC] ). This independent panel of isolates was not used in SNP discovery or the design of MLGT probes. PulseNet pattern identifiers for AscI and ApaI were provided with the isolates. Multilocus sequencing was carried out as previously described (37, 50) . DNA sequences were edited and analyzed as described above. Simpson's discrimination index (SDI) values were calculated as previously described (15) . Comparative subtyping analysis for the lineage III and IV assay was not performed due to the rarity of these isolates.
Nucleotide sequence accession numbers. DNA sequences generated for this study were deposited in the GenBank database under accession numbers FJ024725 to FJ025060 and FJ041118 to FJ041147. sequences from 12 regions of the L. monocytogenes genome and contained 1,419 SNPs (Table 3) , as well as indel variation, which defined 56 unique multilocus sequence types (Table 1) . Six sequence types were observed among the 22 isolates assigned via PCR analysis to serogroup 1/2c (includes serotype 1/2c and 3c isolates), while 50 unique sequence types were observed among the 103 isolates from serogroup 1/2a (includes serotype 1/2a and 3a isolates) ( Table 1 ). There were no sequence types in common between the serogroup 1/2c and 1/2a isolates in Table 1 , and phylogenetic analyses of the multilocus sequence data placed all serogroup 1/2c isolates within a single clade ( Fig. 1) . However, analysis of sequences from the reference strain EGD-e revealed that this serotype 1/2a strain had the same sequence type (ST2-10) as 14 isolates from serogroup 1/2c (Table 1 ). In addition, phylogenetic analyses placed NRRL B-33467, a serogroup 1/2a isolate, within the 1/2c clade ( Fig. 1 ). Previous analyses using macroarrays revealed that EGD-e is an atypical strain of serotype 1/2a with a genome more similar to serotype 1/2c strains than to other 1/2a strains (2, 3). Our results indicate that NRRL B-33467 is a similarly atypical strain and suggest that the 1/2a serotype has multiple evolutionary origins or that the 1/2a serotype has been acquired by some strains with a 1/2c genomic background via genetic exchange. Excluding EGD-e and NRRL B-33467, the serogroup 1/2c isolates formed a monophyletic clade with 100% bootstrap support, while the serogroup 1/2a isolates constituted a highly diverse paraphyletic assemblage of strains that were genetically distinct from serogroup 1/2c strains ( Fig. 1) . The 125 lineage II isolates in Table 1 included two representatives of the previously described ECIII, which is the only lineage II epidemic clone described to date (20) . NRRL B-33417 was implicated in a human listeriosis case associated , which is consistent with previous evidence indicating they represent a strain that persisted in the same processing facility for more than a decade with minimal genetic change (20) . Two additional food isolates (NRRL B-33002 and NRRL B-33452) with ST2-1 were identified among the 125 isolates examined. In addition, NRRL B-33275 had a sequence type (ST2-25) that differed from ST2-1 by only four substitutions out of the 24,852 bp of sequence analyzed (p-distance ϭ 2 ϫ 10 Ϫ4 ), and it was considered a representative of the ECIII lineage on the basis of phylogenetic analyses ( Fig. 1 ) and the phylogenetic definition of clonal lineages described by Ducey et al. (5) .
RESULTS AND
Five unique mutations leading to premature stop codons in inlA were observed among 27 of the 125 lineage II isolates sequenced for SNP discovery (Tables 1 and 6 ). The inlA gene encodes a membrane-anchored invasion protein that interacts directly with host cell receptors to facilitate L. monocytogenes entry into nonprofessional phagocytes (14, 21) . Previous studies documented that strains carrying mutations resulting in InlA truncations 5Ј to the C-terminal LPXTG membraneanchoring motif display virulence-attenuated phenotypes in animal models and a significantly reduced ability to invade human intestinal epithelial cells (17, 19, 25, 26, 29, 30, 39) . All of the InlA truncation mutations observed in this study occurred 5Ј to the LPXTG motif, and four of these five mutations were previously characterized (Table 6 ). However, we identified a novel mutation (T189) ( Table 6 ) in three RTE meat isolates, which resulted in a predicted protein of only 189 amino acids. While the InlA truncation mutations were observed in strains from different parts of the lineage II phylogeny, little sequence variation was observed between isolates with the same truncation mutation (p-distance Ͻ 1.2 ϫ 10 Ϫ4 ), indicating that each of these mutations had a recent evolutionary origin (Fig. 1) . Interestingly, strains carrying T189 or T492 mutations formed a monophyletic clade that was closely aligned with ECIII strains in the multigene phylogeny (Fig. 1) , suggesting that closely related clonal lineages might have different virulence properties.
A comparative sequence database consisting of 14,881 bp of DNA sequence from 48 isolates was developed for SNP discovery within the rare lineages III and IV. The regions sequenced (VGC, LMO, and INL) contained 1,614 SNPs (Table  3) , as well as indel variation that defined 44 multilocus sequence types among the 48 lineage III and IV isolates examined (Table 1) . With the exception of a mutation leading to a single amino acid reduction in the predicted length of InlA among two of the lineage IV strains, there were no premature stop codons observed within the lineage III and IV sequences.
Phylogenetic analysis of VGC, LMO, and INL sequences confirmed previous reports (22, 33, 38) that lineage IV isolates are not part of a monophyletic lineage III and indicated that they represent an early divergence within L. monocytogenes (Fig. 2) . While lineages III and IV are both polymorphic for serotypes 4a, 4c, and 4b, the results of the current analysis (Fig.  2) and previous phylogenetic analyses (33, 38) demonstrate that this shared serotype polymorphism is not the result of an exclusive shared ancestry. In addition, mapping serotype data onto the multigene phylogeny (Fig. 2) indicated that in contrast to lineages I and II, genetic variation within lineage III is not strongly partitioned in accordance with serotype divisions. Taken together, these results support the hypothesis that serotype polymorphism shared by lineages III and IV was derived independently from a serogroup 4 ancestor and is not a reliable indicator of evolutionary relatedness for these lineages. Alternatively, these results could be interpreted as indicating an inability of serotyping techniques to precisely differentiate among serotypes 4a, 4c, and 4b, as has been reported previously for serotypes 4b, 4d, and 4e within lineage I (34) .
Design and validation of the MLGT assays. In order to develop single-well assays for the rapid and accurate discrimination of lineage II, III, and IV subtypes, variation identified in the comparative sequence analysis (Table 3 ) was used to design multilocus genotyping probes from the seven genomic regions listed in Table 4 . All three of the regions sequenced for SNP discovery within lineages III and IV (Table 3) were included in a combined lineage III and IV MLGT assay (Table  4) , which identified all 44 unique haplotypes among the 48 lineage III and IV isolates sequenced. However, in order to optimize the performance of the multiplex PCR while providing maximal haplotype discrimination, the lineage II MLGT was focused on the seven amplicons listed in Table 4 . This single-well assay differentiated 49 unique haplotypes among the 125 lineage II isolates in Table 1 . Each of the regions listed in Table 3 that were excluded from the lineage II MLGT assay differentiated no more than one additional haplotype, with the exception of PDH, which differentiated two novel haplotypes.
The lineage II MLGT assay consisted of 64 probes, which included seven positive control probes designed to confirm the presence of each of the amplicons in the multiplex PCR (Table  4 ). The MLGT assay for lineages III and IV consisted of 51 probes, which included positive control probes for each of five amplicons (Table 4) . Probe sequences and probe performance data are provided in Table 5 . The index of discrimination values for the MLGT probes ranged from 2.4 to 73.7 with a mean of 14.0. This means that the fluorescence intensities (MFI values) for isolates with a positive allele were always more than twice as high, and on average 14 times as high, as background values for isolates with a negative allele. Replicate runs of the 173 sequenced isolates produced identical results, demonstrating the reproducibility of MLGT data and the ability of the MLGT assays to type all of the tested isolates. In addition, the single-well MLGT assays recovered 93% of the 100 haplotypes defined by the full DNA sequence data set (Ͼ3.8 Mb) described in Table 3 and 100% of the haplotypes defined by more than 2.5 Mb of comparative DNA sequence data from the regions incorporated into the assays (Table 4) . Probe patterns for unique haplotypes are provided in Table S1 of the supplemental material.
The 10,448 MLGT genotypes derived from the 115 total probes utilized in the assays were consistent with DNA sequence data for the 173 sequenced isolates. Isolates from the previously linked listeriosis case associated with turkey franks in 1988 and a multistate outbreak in 2000 had identical MLGT patterns (Lm2.1), demonstrating good epidemiological concordance. In addition, MLGT types were not shared in common between serogroup 1/2a and 1/2c isolates that we tested, indicating that MLGT type could provide accurate information about major serogroup identity for most lineage II isolates. Serotype prediction based on MLGT may not be possible among lineage III isolates or in rare instances in which serotype 1/2a strains have a predominately 1/2c genome (Fig. 1) . However, this results from a poor correlation between genomic and antigenic variation and does not reflect a failure of MLGT VGCa  hly-F2  GAAGGAGAGTGAAACCCATG  II-III-IV  VGCa  mpl-R  CTCGCAACTTCYGGCTCAGC  II-III-IV  VGCb  actA-F  CCAAYTGCATTACGATTAACC  II-III-IV  VGCb  plcB-R  CAAGCACATACCTAGAACCAC  II-III-IV  INLa  inlA-F2  ACGAAYGTAACAGACACGGTC  II  INLa  inlA-R2  CTACTTCTATTTACTAGCACG  III-IV  INLa  inlA-R3  TCTAGCTCTTYACACTACTTC  II-III-IV  INLb  inlB-F2  AATCAAGGAGAGGATAGTGTG  II-III-IV  INLb  inlB-R  CTACCGGRACTTTATAGTAYG  II  LMO  lmo0300-F  GATTGGATTAAGTACGAGC  II  LMO  lmo0298-R  CTCTTATCAATGTGAAGGTGC  III-IV  LMO  lmo0300-F2  ATGTRGCGAGCGATCACTACC  III- to accurately characterize the genomic background of these strains. Phylogenetic trees inferred via analyses of genotype data from the lineage II and the lineage III and IV MLGT assays (not shown) were largely congruent with phylogenies based on multilocus DNA sequence data ( Fig. 1 and 2 ). Interior branches in the MLGT trees were not strongly supported by bootstrap analysis, and additional probe design may be required to improve phylogenetic resolution. However, because there is a direct connection between MLGT subtypes and the underlying DNA sequence data, MLGT data can be mapped onto the multilocus DNA sequence tree (Fig. 1) , allowing the phylogenetic information provided by the large comparative sequence databases to be integrated with MLGT results.
II-III-IV
Subtype prevalence in RTE food. Of the 173 lineage II, III, and IV isolates used in the design and validation of the MLGT (Table 1) . Sequence data for strain EGD-e (NC_003210) were included for comparison, and the tree was rooted with sequence data from the lineage I strain F2365 (NC_002973). The frequency (percentage) with which a given branch was recovered in 2,000 bootstrap replications is shown above branches recovered in more than 70% of bootstrap replicates. With the exception of F2365 and EGD-e, strains are identified by NRRL-B numbers followed by MLGT subtype designations. Similar results were obtained with a neighbor-joining analysis. assays (Table 1) , 94 were collected by the USDA Food Safety and Inspection Service (FSIS) from RTE foods and foodprocessing facilities. We excluded isolates collected on the same day from the same state, as well as isolates lacking information on date of isolation in order to minimize duplicate sampling. This produced a set of 78 FSIS isolates with which we evaluated subtype frequencies (see Table S2 in the supplemental material). Only one lineage III isolate was observed in this panel, while the remaining 77 isolates were identified as lineage II. Thirty unique MLGT haplotypes were observed among these 77 lineage II isolates, indicating substantial diversity within the FSIS panel. Of these, 21 MLGT types from 59 (76.6%) lineage II isolates corresponded to serogroup 1/2a, and 5 MLGT types from 18 (23.4%) isolates corresponded to serogroup 1/2c. The FSIS isolate NRRL B-33452 had the same MLGT type (Lm2.1) as the strain responsible for the multistate outbreak of listeriosis in 2000. This was the only isolate with an ECIII-associated MLGT type among the FSIS isolate panel. Combining these results with data used to determine the frequency of lineage I epidemic clones (5) indicates that strains from epidemic clone groups were rare (6.3% of 144 isolates) in RTE food products and processing facilities sampled by FSIS.
Conversely, MLGT analysis demonstrated that strains with mutations leading to truncated forms of the key virulence determinant, InlA, comprised at least 31.2% of the lineage II isolates recovered from RTE food and food-processing facilities monitored by FSIS. The lineage II MLGT contained probes for each of the InlA truncation mutations identified among the sequenced isolates, and we observed four of these five mutation types among the FSIS isolate panel ( Table 6 ). The most common truncation mutation (T700) was identified in 16 (20.8%) of the FSIS isolates, while the other truncation types were observed at less than 4% frequency ( Table 6 ). The results for T700 are consistent with a previous estimate of the frequency (11.2%) of ribotype patterns associated with this mutation among food isolates (26) . However, frequency estimates for the other lineage II truncation types among food isolates have not been previously investigated. Despite the fact that each of the InlA truncation mutations examined had a single and recent evolutionary origin (Fig. 1) , three of the five InlA truncation types in Table 6 were differentiated into multiple MLGT types (Table 6) , and at least two mutation types are associated with multiple serotypes from the same major serogroup (Table 1) . Therefore, it is clear that some level of genetic and antigenic divergence or exchange has occurred since these truncation mutations were introduced into their respective clonal lineages.
Combining information from the FSIS panel with previously published data from a similar panel of lineage I isolates (5), we estimate that at least 30% of all L. monocytogenes isolates obtained from FSIS surveillance of RTE foods and food-processing facilities carry mutations leading to truncated forms of InlA. In addition, this is likely to represent a conservative estimate of the InlA truncation frequency among food isolates because it is based only on the mutations that were observed in our SNP discovery. These results support and extend previous hypotheses that a substantial fraction of L. monocytogenes isolates from foods have reduced abilities to cause systemic listeriosis (5, 26) . However, this does not imply that strains with InlA truncation mutations pose no threat to public health. While rare, such strains have been obtained from human and animal listeriosis cases (13, 26, 27) , and different InlA truncation types have been associated with different levels of virulence attenuation in animal models (29, 30) . In addition, the precise contribution of InlA truncations to attenuated virulence phenotypes needs to be more conclusively defined (5, 26, 28) .
The fact that multiple independent mutations leading to InlA truncations have been identified within lineages I and II led to the suggestion that positive selection has driven the loss of functional or cell wall-anchored InlA, particularly among isolates from food environments (26, 32) . However, no specific adaptive advantage responsible for the hypothesized positive selection has been identified (32) . In addition, the observations regarding InlA truncation frequencies among food isolates could result from food and food-processing facilities providing permissive environments in which there should be little or no selective constraint to eliminate mutations that disrupt the function or cell wall association of an invasion protein such as InlA. Ecological success of inlA alleles carrying truncation mutations could be indirect evidence of an adaptive advantage (26) . However, many of the InlA truncation mutations were found at low frequencies in surveys of food isolates (Table 6 ) (5, 26), and it is not clear if the mutations leading to truncated forms of InlA represent the cause or the effect of successful colonization of food-processing environments. This is not to suggest that the positive selection hypothesis should be rejected but highlights the need to consider environment-specific relaxation of constraints as an alternative explanation.
Regardless of the nature of selection acting on inlA alleles harboring truncation mutations, there is clearly an association between subtype prevalence in food environments and the subtype distribution of InlA truncation mutations. The InlA truncation mutations identified to date are restricted to serogroups 1/2a and 1/2c from lineage II and serogroup 1/2b from lineage I (5, 19, 26, 29, 32, 39) . These are the most common subtypes isolated from foods and food-processing environments (5, 13, 46). As such, it is reasonable to expect that (26) .
c Four of the five truncation mutations were targeted by pairs of reciprocal probes, one of which was specific to the nucleotide character state responsible for the truncation, while the other probe was specific to the alternate form of the inlA allele. After multiple attempts, only a single acceptable probe was identified for the T685 mutation.
d Frequency of InlA truncation mutations among 77 lineage II isolates collected by USDA-FSIS from RTE products and processing facilities.
variation within these groups is shaped to a greater extent by selective constraints operating in food environments than is the case for strains from serogroup 4b of lineage I, or lineage III strains, both of which are relatively rare in food environments (5, 13, 41, 46) . The relative rarity of serogroup 4b (lineage I) and lineage III strains in food environments could explain the absence of InlA truncation mutations in these groups, which in turn could contribute directly to their overrepresentation in human and animal listeriosis cases, respectively.
Comparative subtype analysis. The discriminatory power of the MLGT assay for lineage II was compared to that of PFGE, the six-gene multilocus sequence typing (MLST) approach described by Revazishvilli et al. (37) , and the multi-virulence locus sequence typing (MVLST) approach described by Zhang et al. (50) . In an analysis of 20 sporadic listeriosis isolates provided by the CDC (Table 2) , the lineage II MLGT provided the greatest discriminatory power (12 haplotypes; SDI, 0.93) among the DNA sequence-based approaches. SDI values are scored between 0 and 1, and SDI values above 0.9 are considered desirable for reliable subtyping (15) . MVLST utilized 2,750 bp of DNA sequence from each of the 20 isolates and differentiated 10 sequence types (SDI, 0.88). MLST based on 4,322 bp of DNA sequence from each isolate identified 11 sequence types (SDI, 0.91) but utilized amplicons that were too large to be sequenced using the amplification primers, necessitating the design and use of several internal sequencing primers. In addition, the pgm primers used in the MLST produced small nontarget amplicons that prevented us from sequencing with the amplification primers, and the region of actA targeted by MLST included a 105-bp indel polymorphism that could make it impossible to assess positional homology.
As was the case in our previous analysis of lineage I isolates (5), PFGE provided greater strain-discriminating power (17 types; SDI, 0.98) than the DNA sequence-based approaches (Table 2 ). Combining data from MLGT, MLST, and MVLST provided a modest increase in discriminatory power (13 types; SDI, 0.94) above that provided by MLGT alone but still did not discriminate all of the strains that had unique PFGE patterns. Similarly, PFGE provided greater discriminatory power than a recently published method based on multiple-locus variablenumber tandem repeat analysis (MLVA) (42) . This suggests that there may be practical limitations to the development of locus-specific methods for DNA sequence-based subtyping of L. monocytogenes that achieve the level of discrimination provided by two-enzyme PFGE. However, DNA sequence-based methods offer solutions to many of the problems and limitations of PFGE described above, which make them attractive options for complementing or replacing PFGE as the primary subtyping tool for L. monocytogenes (5, 11, 16, 37, 43, 50) . In addition, while PFGE has been reported to have the highest discriminatory power, it does not always discriminate between related but distinct strains (5, 40, 45) . In our comparative analyses of typing methods, only the MLGT method differentiated strains with identical PFGE patterns. NRRL B-33575 and NRRL B-33578 shared identical PFGE, MLST, and MVLST patterns but were differentiated by MLGT because NRRL B-33578 harbors the T577 mutation in inlA that is associated with a weak attenuation of virulence in animal models (29, 30) . This result demonstrates the potential for MLGT to complement PFGE data in strain discrimination and highlights the fact that strains with identical PFGE patterns can harbor differences in key virulence genes.
Combined with our previously developed MLGT assay for subtyping lineage I isolates (5), the MLGT assays described here provide a highly flexible and efficient system for DNA sequence-based subtyping of L. monocytogenes. These singlewell assays provide high-throughput subtyping via direct interrogation of SNPs from multiple regions of the genome and produce data that are unambiguous, easily shared between laboratories, and amenable to phylogenetic analyses and risk assessment. Similar assays for detection and subtyping of foodborne pathogens have been described (6, 9) or are under development (16) , indicating that SNP-based subtyping may offer a common approach for future subtyping of food-borne and other pathogens.
